In comparison with other homeotherms, young recently weaned marine mammals in high latitudes face exceptional energetic demands when foraging and thermoregulating. Lipids are an important source of energy and a major component of insulation that allows them to meet these demands. To examine the role of lipid stores in a high-latitude pinniped, we measured the body composition and thermoregulatory capabilities of Antarctic fur seal (Arctocephalus gazella) pups and yearlings by using flow-through respirometry and hydrogen isotope dilution. From these data, we constructed a model to examine the importance of postweaning fasting capability in free-ranging young fur seals. Resting metabolic rates were different for pups and yearlings measured in 0.6ЊC water, 10.3ЊC water, and ambient air; however, mass and percent lipid as covariates accounted for the different metabolic responses in pups and yearlings for all treatments. The estimated lower critical temperature for combined pups and yearlings was 14.4ЊC, 10Њ-15ЊC above water temperatures normally experienced by Antarctic fur seals. Modeling predicted that a weaned fur seal pup would survive at sea from 9.8 to 36.2 d before succumbing to starvation. The most likely maximum travel distance within this time constraint suggests that food resources close to the natal rookery are important to first-year survival for this species.
Introduction
First-year survival is a critical part of life history in long-lived vertebrates (Begon and Mortimer 1986) , often impacting the population dynamics of a species (York 1994; Craig and Ragen 1999) . Life-history strategies, energy stores, the physical environment, and resource requirements are some of the factors that dictate success. In general, young animals are more challenged than adult animals and experience lower annual survival (Begon and Mortimer 1986; Hindell 1991) . For example, juveniles may be physiologically unprepared for the rigors of their early life as well as naïve with regard to appropriate foraging strategies and behaviors. Young homeotherms also have a higher surface-area-to-volume ratio than adults, potentially increasing the energetic cost of thermoregulation due to high heat loss (Irving and Hart 1957) .
Perhaps the most challenged of newly independent animals are high-latitude marine mammals. They are often weaned far from food resources and live in a highly challenging thermal environment. Moreover, diving is a critical aspect of foraging in marine mammals and requires that the animals meet the physiological challenges of submergence in order to forage successfully. Because of their small size and immature physiology, young animals have reduced diving capabilities relative to adults (Kooyman et al. 1983; Burns and Castellini 1996; Burns 1999) , making adult prey resources difficult or impossible to use (Hindell et al. 1999) .
Increasing insulation by adding a blubber layer, composed primarily of lipid, is one way a young animal can overcome the challenge of thermoregulation (Young 1976) . Lipid is typically acquired during the period of maternal investment as assessed by milk intake, mass gain, or total body lipid stores (Ortiz et al. 1984; Costa and Gentry 1986; Costa 1987; Higgins et al. 1988; Hood and Ono 1997; Lea and Hindell 1997) . Milk is received in excess of the immediate energetic demands of the animal, allowing for growth, buildup of a blubber layer, and storage of lipid for future energy needs. As a result, maternal investment through the delivery of lipid likely mitigates the difficulties associated with transitions to independence, thereby increasing survivorship of newly independent offspring (Blueweiss et al. 1978; Baker and Fowler 1992; McMahon et al. 2000) .
However, the role of lipids in young marine mammals is more complex because it serves a dual role as insulator and energy store (Bryden 1968; Stewart and Lavigne 1980; Ryg et al. 1988) . Animals can thermoregulate in several ways: (i) el-evate metabolic rate, (ii) lower core body temperature, (iii) restrict or modify blood flow, (iv) move to a warmer environment, (v) increase activity, and (vi) increase insulation (Irving and Hart 1957; Ridgway 1972; Costa and Kooyman 1982) . In the short term, however, young marine mammals will thermoregulate through elevated metabolic rate from increased activity, shivering, and nonshivering thermogenesis. This is especially important in fasting or subnourished animals, which must rely primarily on stored energy in the form of lipid to support metabolic processes (Noren et al. 2003) . However, the animal must balance the use of blubber-lipid stores against thermal requirements for insulation. Tapping into the blubber layer to support the energetic demands of the animal will exacerbate any thermoregulatory costs by decreasing the insulation of the animal.
Understanding postweaning survival for any pinniped is valuable, but it may be especially important to subpolar otariids that have abbreviated lactation periods. In addition, weaning is more abrupt in Antarctic fur seals and northern fur seals (Callorhinus ursinus) than in all other otariids, where little or no foraging takes place before weaning (Gentry and Kooyman 1986) . This could make these species more vulnerable to environmental vagaries that affect survival. With a short lactation period of 4 mo (Gentry and Kooyman 1986) , Antarctic fur seals (Arctocephalus gazella) provide an excellent system to examine the physiological role that lipid plays in thermoregulation and the transition to independence in young marine mammals. In many fur seal and sea lion species, it is difficult or impossible to study immature animals because they do not return to the natal rookery for several years. Yearling Antarctic fur seals often return to their natal rookery (M. R. Rutishauser, personal observation), so it is possible to compare pups at weaning with yearlings to examine two important factors that affect otariid life history: lipid energy stores and thermal homeostasis.
The purpose of this study was to examine the role that lipid plays in a young aquatic homeotherm by (i) investigating the thermoregulatory response of young Antarctic fur seals, (ii) assessing the effect of body composition on the thermoregulatory abilities of Antarctic fur seal pups, and (iii) comparing the thermal responses of pups with yearling Antarctic fur seals. These data were used to produce a model of postweaning fasting capability and to predict maximum travel distances after weaning.
Material and Methods

Study Site
Fieldwork took place at Cape Shirreff, Livingston Island (62Њ28ЈS, 60Њ46ЈW), in conjunction with the U.S. Antarctic Marine Living Resources program from February 11 to 23, 1999, and February 11 to 27, 2000 . Cape Shirreff extends north of Livingston Island into the Drake Passage and has a maritime climate. Snow remains on the ground until December. The weather was typically overcast with a mean air temperature of 2.5ЊC. Sea surface temperatures around Cape Shirreff were approximately 1.5ЊC during the study periods (Martin 1998 (Martin , 1999 .
Animals
Twenty-four Antarctic fur seals were assessed in this study: 12 pups (seven females, five males) and 12 yearlings (six males, six females). No animal was in the study as both a pup and later as a yearling. Known-age tagged animals ( ) and N p 17 untagged animals ( ) were used. Fully molted fur seal N p 7 pups were taken from the rookery and held up to 24 h in ventilated boxes while data were collected. For tagged pups ( ), birth date was known by bleach-marking the pups N p 11 within 2 d of birth, with subsequent addition of flipper tags before molting. Mean age of the pups when data were collected was d, ranging from 66 to 89 d. Attendance behavior 72.9 ‫ע‬ 0.7 of mothers was known through direct observation or equipping mothers with radio transmitters. Consequently, tagged pups could be removed from the rookery while their mothers were at sea, 2-3 d postdeparture. One anonymous pup was taken when its behavior and location suggested that its mother was at sea but was not held overnight because of the difficulty in predicting its mother's return. Nonmolting yearlings were taken opportunistically. Yearlings were identified by mass and length for untagged animals ( ) or tags placed the previous year N p 6 for known animals ( ). Untagged animals were marked N p 6 with bleach to prevent recapture. This work was approved by University of California, Santa Cruz, Chancellor's Animal Research Committee (permit number cost $98.10).
Body Composition
Body composition was determined once for each subject from water space and total mass (Pace and Rathbun 1945; Costa 1987) . This technique has been widely used and validated in Antarctic fur seals (Arnould et al. 1996b) . Total body mass was determined to the nearest 0.5 kg by suspending the animals in a mesh bag from a hanging scale (Pesola, Baar). Water space was determined by the dilution of 1.85 MBq of tritium diluted in sterile saline to 1.0 mL and injected intraperitoneally. The isotope was allowed to equilibrate for 3 h (Costa 1987) , after which a blood sample was drawn. After centrifuging the blood (5 min at 1,500 relative centrifugal force), samples of serum were frozen until analysis. Water was distilled from 0.25 mL of serum following the methods of Ortiz et al. (1978) . Specific activity of tritium was determined on a liquid scintillation counter (LS 6500, Beckman Instruments, Fullerton, Calif.). Total body water (TBW) was subsequently determined from the activity and mass of the injectate, and the activity and mass of water was determined from the serum sample and was reduced Thermoregulation in Young Fur Seals 671 by 1.9% to correct for overestimation of TBW by tritiated water (Arnould et al. 1996b) . Arnould et al. (1996b) reported predictive equations to determine the percent of body mass in kilograms (M b ) as lipid (%TBL) for pups and adult female Antarctic fur seals; however, these were inappropriate for this study. The percent of M b as water (%TBW) for pups in the study by Arnould et al. (1996b) covered a smaller range than this study, and the pups were much younger (1, 2, 4, and 36 d). Directly measured tissue hydration values are not available for older Antarctic fur seal pups and yearlings. However, Arnould et al. (1996b) provide the best available directly measured hydration state of lean tissue measured in this species. Hydration values were assumed to be 74.7% for pups and 70.7% for yearlings in this study, taken from pups and adult females, respectively (Arnould et al. 1996b) . Lipid was assumed to have no water (Costa 1987 ). Using the above hydration values, the method of Pace and Rathbun (1945) was modified to calculate total body lipid:
b where M b is body mass (kg), TBL is total body lipid (kg), and TBW is total body water (kg). Similarly, TBL for yearlings was calculated with the following equation:
b Lean body mass (LBM) was then calculated as the difference between M b and TBL.
Metabolic Measurements
Metabolic rates were determined for animals resting in air and water using flow-through, indirect calorimetry. The experimental setup was modeled after that of Donohue et al. (2000) . Two experimental chambers (1.0 m) were m # 0.5 m # 0.3 used, one for in-air measurements and one for in-water measurements. The chambers were covered by a plastic lid forming an airtight seal. Each lid had a window for observing the subject. The chamber was airtight with several ports for sampling air or inserting temperature probes. Three types of trials were conducted with each animal in random order: in ambient air (5.6Њ ‫ע‬ !0.1ЊC), in cold water (0.6Њ ‫ע‬ !0.1ЊC), and in warm water (10.3Њ ‫ע‬ !0.1ЊC). Water temperatures were adjusted before each trial by the addition of ice or hot water to the chamber and measured with a calibrated, plastic-coated thermocouple Physitemp Instruments, Clifton, N.J.) . Temperature of the water and air were monitored and varied less than 1ЊC. The mean of temperatures at the start and end of a trial was used for subsequent calculations.
With the exception of age and thermal neutrality, metabolic rates were measured under standard conditions as defined by Kleiber (1975) . The subjects were quiescent, awake, nonpregnant, nonlactating, and postabsorptive. A postabsorptive state was obtained by fasting the animals for at least 12 h and usually overnight. This delay allowed the pups' metabolism to stabilize to a fasting condition as reported for Antarctic fur seal pups and other animals (Cherel et al. 1988; Rea and Costa 1992; Arnould et al. 2001) . A visual inspection for lipemia in blood serum was also conducted to ensure a postabsorptive state. Core body temperature was recorded before and after each trial using a calibrated, plastic-coated thermocouple (BAT-12, Physitemp Instruments) inserted 16 cm into the rectum of the animal.
Animals were allowed to acclimate to the chamber for 45 min before metabolic measurements. Resting metabolic rate (RMR) in air and water was recorded for periods of quiescence 10 min or greater. Tapping on the chamber kept the animals awake during the trial to avoid measuring sleeping metabolic rates. Total time in the chamber was approximately 120 min. Following each trial, animals were maintained out of the chamber in a ventilated box for at least 60 min and until core body temperature returned to initial values.
The animals' behavior during the metabolic measurements were recorded in intervals ranging from 30 s to 2 min. Air temperature and barometric pressure were recorded every 5 min (Davis Instruments, Hayward, Calif.). Relative humidity inside the chamber was recorded every 5 min using a thermohygrometer taped to the window in the chamber lid (Oakton Instruments, Vernon Hills, Ill.). Average values for these parameters were used to correct flow rates to the stpd for dry gas.
Ambient air was drawn through the metabolic chamber with a wet/dry vacuum (Shop-Vac, Williamsport, Pa.). A sample of the outflow was scrubbed of water and carbon dioxide with 120 g of anhydrous calcium sulfate (Drierite, Xenia, Ohio) and 60 g of barium hydroxide (Baralyme, Allied Healthcare Products, St. Louis), respectively. Oxygen consumption was determined by measuring the reduction of oxygen in the sample air relative to ambient air with an oxygen analyzer (Ametek S-3A Oxygen Analyzer, Paoli, Pa.). Airflow through the chamber was measured with a flowmeter (American Meter, Horsham, Pa.) and maintained at 40 L min
Ϫ1
. Before each trial, the system was calibrated and checked for leaks using the nitrogen dilution technique (Fedak et al. 1981) . The proportion of oxygen was logged continuously on a personal computer with a sample interval of 0.5 s (Datacan V, Sable Systems International, Salt Lake City, Utah). Oxygen consumption was calculated from the data using equation (4b) from Withers (1977) with analysis software (Datacan V Software, Sable Systems International).
For these calculations, the respiratory quotient (RQ) for pups was taken from Arnould et al. (2001) based on the number of days since the mothers departure. For the one anonymous pup and all yearlings, an intermediate value of those reported by Arnould et al. (2001) of 0.75 was used for the RQ. This value is typical for a fasting mammal relying on fat metabolism Note. Dependent variable is metabolic rate. Items in parentheses are for illustration only and not part of the regression (see "Discussion").
(Schmidt-Nielsen 1997). The effects of evaporative water loss from the animal were assumed to be negligible (Withers 1977) .
Modeling Postweaning Energy Reserves
We developed two models, representing likely minimum and maximum fasting durations after weaning. Using data in this study and previously published values from the literature, the models were based on discrete time steps of 0.1 d. The models took the general form of
where %TBL(t) is the %TBL at time t, L(t) is the lipid (kg) at time t, M(t) is body mass (kg) at time t, and MR(t) is the amount of lipid (kg) used in 0.1 d with a mass of M(t) and a %TBL of L(t). Mass of lipid consumed was calculated assuming that 1 mL of oxygen consumption is equivalent to 19.7 J and that lipid contains 39.3 J gm Ϫ1 (Schmidt-Nielsen 1997). Percent TBL was chosen as the predicted variable because the proportional amount of TBL most likely determines the limits of fasting capability (Leiter and Marliss 1982; Goodman et al. 1984; Taylor and Konarzewski 1989) , when the animal succumbs to starvation. Some simplifying assumptions were made to produce the models. Assumptions were also made where data were lacking in this study or the literature. For example, several studies suggest that the thermal environment affects the metabolic rate of swimming animals, even though they have a metabolic rate elevated because of the energetic cost of locomotion (Feldkamp 1987; Feldkamp et al. 1989; Hind and Gurney 1997) . From these studies, metabolic rates measured in the cold water treatments were assumed to be most representative of thermoregulatory effects as well as the effects of %TBL and mass. For the model of fasting capability, the multiple linear regression for metabolic rate as a function of %TBL and mass was used (Table 1) . Once weaned, pups were assumed to remain at sea without hauling out or feeding.
Two models were created that likely bracket the true fasting duration of these animals. The models were derived from estimates of a maximum and minimum metabolic rates at sea. Because there are no reported values for free-ranging metabolic rates (FMR) of young otariids at sea, FMRs for nonlactating females at sea were used as a maximum metabolic rate. In addition, basal metabolic rate (BMR) predicted by Kleiber (1975) was assumed to be equivalent to RMR to ensure a maximum metabolic estimate. Using feeding rates, Perez and Mooney (1985) found that energy consumption of nonlactating Northern fur seals was 3.7 times the predicted BMR. The met- Figure 1 . Mean mass and proportion of lean tissue and lipid for pups and yearlings determined by total body water. Values predicted for weaning are used in models of fasting capability. Mass and body composition for a weaned pup were calculated by keeping mean percent lipid of body mass constant, using mean mass for all pups, mean growth rate of pups at Cape Shirreff (0.09 kg d Ϫ1 ; M. E. Goebel, unpublished data), and mean age at weaning of 120 d from Doidge and Croxall (1989) and Lunn et al. (1993). abolic rate predicted by the cold water regression (Table 1) was multiplied by 3.7 to represent a probable maximum FMR and a minimum fasting duration (model MR-MAX ). RMR in cold water from this study most likely represents a minimum FMR and a maximum fasting duration (model MR-MIN ). For simplicity, LBM was assumed to not be an energy source and, thus, remained constant after weaning. Admittedly, this underestimates the energy reserves of the animal. However, similar methods have been used to calculate fasting capability in a variety of birds (Taylor and Konarzewski 1989; Navarro 1992) . Furthermore, Arnould et al. (2001) have found that protein comprises only 5% of total energy expenditure in fasting Antarctic fur seal pups; thus, the overall impact on the model is small. Energy reserves were based on initial TBL. For all models, an animal was assumed to succumb to starvation when %TBL reached the minimum found for this study (6.5%), possibly underestimating fasting capability.
Given the similar relations between metabolic rate and body mass and %TBL of pups and yearlings over a wide range of these parameters, it is likely that the metabolic rate and thermal properties of the model weaned pup is reasonably predicted by the regressions found in this study. A starting body composition and mass for a weaned pup was calculated by keeping mean %TBL constant, using the mean body mass for all pups, the mean growth rate of pups at Cape Shirreff (0.09 kg d
Ϫ1
; M. E. Goebel, unpublished data), and mean age at weaning of 120 d from Lunn et al. (1993) and Doidge and Croxall (1989;  Fig.  1 ). The resulting calculations yielded a pup of 12.9 kg lean tissue and 4.1 kg lipid (31% TBL). This starting condition is larger and has a higher %TBL than other Antarctic fur seal colonies, which matches the higher growth rates and larger pups at Cape Shirreff (M. E. Goebel, unpublished data). There are no data in the literature for body composition of weaned Antarctic fur seals, so body composition was assumed to be the %TBL found in this study. If %TBL increases over the last trimester of lactation, as has been shown in Australian fur seals (Arctocephalus pusillus doriferus; Arnould and Hindell 2002) , the model may underestimate weaned fasting capability. In addition, male and female fur seal pups have been found to have different body compositions (Arnould et al. 1996a; Beauplet et al. 2003) . In order to address variation in %TBL related to sex, age, year, location, or other factors, decline in %TBL was modeled for a lean pup and a fat pup. These animals were assumed to have an identical lean body mass with %TBL one standard deviation (SD) above and below the mean. This yielded a lean pup of 12.9 kg lean tissue and 4.1 kg lipid (24% TBL) and a fat pup with 12.9 kg lean tissue and 8.0 kg lipid (38% TBL).
Statistical Analyses
SYSTAT (SPSS, version 8.0) was used for all statistical analyses. Percentage data were square root-arcsine transformed for analysis. Least-square linear regressions were calculated to analyze relationships between measured parameters. Paired t-tests were used to compare treatments. Age groups or sexes in the same treatment were compared using two-sample t-tests. Repeatedmeasures (RM) ANCOVA and ANOVA were used for comparisons between treatments. Non-RM ANCOVA and ANOVA were used to compare sexes and age groups in the same treatment. A Bonferroni test was used for post hoc pairwise comparisons. Interaction terms using the general linear model were used to compare slopes of relationships. A P-value of less than or equal to 0.05 was considered a significant difference. Means are reported ‫ע‬SEM. Coefficients of partial determination were calculated as by Neter et al. (1996) .
Results
Body Composition
Males were heavier than females for each age class, and yearlings were heavier than pups for each sex (Table 2; Fig. 1 Mean %TBL calculated from these values was identical between the sexes for pups ( , , ) and yeart p Ϫ0.074 df p 9 P p 0.943 lings ( , , ). However, pooled valt p Ϫ0.178 df p 10 P p 0.862 ues for %TBL of males and females showed that %TBL in pups was greater than in yearlings ( Fig. 1 In general, metabolic rates increased with body mass (Fig.  3) . Linear regressions between sex and age class were not different ( for all coefficients) and were combined for P 1 0.05 analysis. An exception was the metabolic rates measured for yearlings and pups in warm water; these had different slopes (ANCOVA, , ). Although yearling meta-F p 4.843 P p 0.04 1, 19 bolic rates in warm water did not show a relation to body mass ( , ), metabolic rate of pups in warm water F p 1.245 P p 0.245 1, 9 were related to mass (
2 r p 0.688 F p 15.091 P p 0.004
Linear regressions for pups and yearlings were not significantly different for metabolic rate, and all parameters of body composition (body mass, %TBL, TBL, %LBM, and LBM) within treatments ( ). The one exception was for the relation P 1 0.05 between body mass and metabolic rate in warm water. Given the other nonsignificant results, this exception was assumed to be caused by sampling error. Thus, yearling and pup data were combined for analysis of metabolic rates.
Body mass explained some of the variation in metabolic rates for metabolic treatments in warm water, ( , 2 r p 0. efficient of variation for the relation between metabolic rate and body mass in cold water was different from the coefficients of variation for air ( , ) but not for warm F p 4.463 P p 0.041 1, 40 water. There was no relation between metabolic rate and air temperatures experienced by pups and yearlings combined (0.8Њ-5.6ЊC, , ). F p 3.294 P p 0.083 1, 22 Metabolic rates decreased with %TBL for all treatments (Fig.  4) mass and %TBL as covariates, different metabolic rates were found between treatments for combined pup and yearling data (RM ANCOVA, , ). Pairwise compar-F p 132.528 P ! 0.001 2, 66 isons were different between all treatments (post hoc Bonferroni, ).
Postweaning Model
Model MR-MAX predicted a minimum fasting capability ranging from 6.6 to 13.8 d with a mean %TBL giving 9.8 d until suc- 
2 y p Ϫ0.038 ϩ 1.549 r p 0.55 P ! 0.001 The regression line intercepts a normalized metabolic rate of 1.0 (dashed line) at the approximate lower critical temperature (T lc ) and intercepts the X-axis at an estimate of body temperature (T b ). The cross-hatched area indicates water temperatures in the breeding range of the species. Intercepts and coefficients were not different between pups and yearlings for a similar regression ( ) nor were metabolic P 1 0.5 rates in warm and cold water treatments ( ). P 1 0.4 cumbing to starvation. Model MR-MIN ranged from 24.3 to 50.9 d with a mean %TBL yielding 36.2 d (Fig. 5) . Mass loss in model MR-MAX increased from 2.9% to 3.4% d Ϫ1 for an average %TBL. Model MR-MIN had a nearly constant rate of mass loss, ranging from 0.8% to 0.9% d Ϫ1 .
Discussion
Metabolic Rates and Thermoregulation
In view of the changes in metabolic rate and core body temperature, young Antarctic fur seals appear to live outside their thermal neutral zone (TNZ) while at sea. Body temperature and metabolic rate did not vary over a range of air temperatures from 0.8Њ to 5.6ЊC, indicating the animals were thermally neutral in air. In contrast, metabolic rate of young Antarctic fur seals increased when exposed to both warm and cold water. Using the methods of Scholander et al. (1950) , these changes in metabolic rate indicate a lower critical temperature (T lc ) of 14.4ЊC (Fig. 6 ). Based on Newtonian cooling, this method also estimates a body temperature reasonably close to the measured value from this study, which lends support to the predicted T lc . However, Antarctic fur seal pups and yearlings live in waters that are well below this temperature. Mean sea surface temperature varies from 0Њ to 5ЊC in the breeding range of Antarctic fur seals (Riedman 1990; Orsi et al. 1995) . Even at their maximum reported range in Tierra del Fuego (Payne 1979; Orsi et al. 1995) , sea surface temperature is only 12ЊC, 2ЊC colder than the animals T lc . As a result, immature Antarctic fur seals have a higher metabolic overhead while at sea than would be predicted by allometric relationships or from studies of resting metabolism under standard conditions for young animals. This has important implications for calculations of food consumption for individuals or estimates of trophic level interactions (Boyd 2002) . These results for Antarctic fur seals are not unique for marine mammals, especially otariids and smaller species. For example, adult California seal lions (Zalophus californianus) routinely live in water that is near their T lc (Liao 1990) . Sea otters (Enhydra lutris), the smallest marine mammal, live outside their thermal neutral zone, using activity and the heat increment of feeding to maintain thermal homeostasis (Costa and Kooyman 1984) . A labile body temperature also appears to be part of the thermoregulatory response of immature Antarctic fur seals. By lowering body temperature, the rate of heat loss is reduced because of a smaller temperature gradient between the body and the environment (Scholander et al. 1950; Hart 1971) . This thermoregulatory mechanism occurs in other aquatic mammals living in thermally challenging environments. The Australian water rat (Hydromys chrysogaster; Dawson and Fanning 1981) , sea otter (Enhydra lutris; Costa and Kooyman 1984) , and North American mink (Mustela vision; Williams 1986 ) have been shown to lower body temperature and reduce the temperature gradient.
In contrast, northern fur seals appear to have a greater thermal tolerance to cold water and are able to live within their Ϫ1 and succumb to starvation at 6.5% total body lipid (TBL). Mass and body composition at weaning is 18.7 kg and 31% TBL, respectively (Fig. 2) . Shaded areas represent ‫1ע‬ SD %TBL while keeping lean body mass constant. The location of the polar front is approximate and varies annually. TNZ when at sea. Northern fur seal pups (Callorhinus ursinus) live in a high-latitude, seasonal environment similar to that in which Antarctic fur seals live (Gentry and Kooyman 1986 ). Yet, postmolt northern fur seal pups show no changes in body temperatures or metabolic rates when exposed to 5Њ, 10Њ, and 20ЊC water (Donohue et al. 2000) . Because %TBL and body mass for postmolt pups in this study and that of Donohue et al. (2000) were similar (33% TBL and 14.8 kg), it is unlikely that body composition was a factor in the different thermal response between the species. Furthermore, different metabolic capacities cannot account for these differences. Northern fur seal pups (Donohue et al. 2000) and Antarctic fur seal pups (Arnould et al. 2001 ; this study) have RMRs in air 2.6 and 2.3 times Kleiber's (1975) predicted value, respectively. Rather, differences in fur, blubber, or physiology may be responsible, arising from dissimilar evolutionary histories (Berta 2002) .
Body Composition
In young Antarctic fur seals, both mass and %TBL affect thermoregulation (Figs. 3, 4) . In cold water, %TBL and mass are the best predictors of metabolic rate, with mass accounting for most of the variation in the data. This agrees with Rea and Costa (1992) , who suggest that lipid would affect metabolic rate indirectly as an insulator. In both air and warm water, mass alone best predicted metabolic rate. Values for %TBL in Table  1 are from a multiple linear regression that included both mass and %TBL. Values of %TBL are included for illustration only because %TBL has a nonsignificant coefficient. The coefficient for %TBL in the models progresses closer to 0 as the treatments become less thermally challenging. These differences between linear regressions support Aarseth et al.'s (1999) conclusion that blubber gives little direct contribution to basal metabolic rate in marine mammals. It should be noted, however, that LBM was not the best predictor in the above models. This may be due to the negative correlation of LBM and %TBL in these data ( ), while mass and %TBL were only weakly 2 r p 0.628 correlated (
). Fur may also complicate this relation-2 r p 0.258 ship because fur is a good light-weight insulator but metabolically inert.
Pups in this study had %TBL higher than Antarctic fur seal pups of comparable mass from South Georgia (20%, Arnould et al. 1996a; 19%, Arnould et al. 2001) . The difference could be due to geographic or interannual variation in maternal investment or pup age. Differences in weather may also play a role because thermally challenging conditions for the pups may require reallocation of energy away from growth to thermoregulation. Pup age and body composition were not related as shown by Arnould et al. (1996a) , likely because of the small age range of pups in this study. Yearlings from this study had %TBL similar to adult female Antarctic fur seals (11.2%, Arnould 1995; 14.5%, Arnould et al. 1996b ) and territorial male Antarctic fur seals (13%-21%, Boyd and Duck 1991) . From a thermal perspective, yearlings would benefit from larger lipid stores. However, the similarity to adult values suggests buoyancy (Webb et al. 1998; Skrovan et al. 1999; Williams et al. 2000) or streamlining (Ryg et al. 1988 ) may determine the limit to %TBL. Alternatively, foraging efficiency and rate of caloric intake may limit %TBL as well.
Implications for Postweaning Foraging and Survival
Lipid energy reserves of a weaned Antarctic fur seal pup are a finite resource that must support metabolic demands of the animal until successful foraging occurs. Model MR-MAX predicted rates of mass loss of 2.9%-3.9% d Ϫ1 , similar to values from the literature for fasting pups while onshore. Rates of mass loss for postabsorptive Antarctic fur seals pups during maternal foraging trips have been reported from 2.7% to 4.9% d Ϫ1 (Arnould et al. 1996a (Arnould et al. , 2001 Guinet et al. 2000) . In Steller sea lions (Eumetopias jubatus), 20-kg pups live for an average of 11 d after birth if their mother abandons them (Brandon 2000) . Sixweek-old Steller sea lions lose body mass at a rate of 2.5% d Ϫ1 (Rea et al. 2000) . Model MR-MIN predicted mass loss at 0.7%-0.8% d Ϫ1 , much lower than that for fasting pups on shore. Assuming that rates of fasting mass loss at sea are greater than rates onshore reported in the above studies, the best estimate is close to model MR-MAX , and the models reasonably bracket the mean number of days an Antarctic fur seal can fast after weaning.
Using physiological data and a simple model, we made a prediction of the distribution of young Antarctic fur seals, addressing a fundamental question of ecology (Begon and Mortimer 1986) . The metabolic relations presented in this study suggest that moving to warmer water would reduce the costs of thermoregulation. The polar front and the subantarctic front may be such destinations that reduce thermoregulatory costs because water warms from 2Њ to 5ЊC at the polar front and from 5Њ to 8ЊC at the subantarctic front (Orsi et al. 1995) . Ragen et al. (1995) found that the average sustained rate of travel after weaning in northern fur seal pups was 38 km d
Ϫ1
(0.44 m s Ϫ1 ). Given this rate and the fasting capabilities from the models, we find Antarctic fur seals could travel between 372 and 1,376 km with an average body composition (Fig. 7) . These values bracket the maximum estimated foraging range for a lactating Antarctic fur seal from Kerguelen Island, which is 650 km (Guinet et al. 2001 ). The polar front or the subantarctic front is a likely destination for fur seals, where they would find warmer water temperatures (Orsi et al. 1995) or prey associated with frontal zones (Olson et al. 1994) . With the shorter distance as a more reasonable travel estimate, the polar front is within the estimated travel range of only the most well-provisioned pups (11 SD %TBL). However, the lipid stores of nearly all young fur seals are adequate to reach feeding grounds used by adult females during the breeding season (Martin 1998 (Martin , 1999 Goebel et al. 2000) . In one possible scenario based on these models, weaned fur seals feed in areas used by females and then travel to the polar front or the subantarctic front. Consequently, food resources near natal rookeries may serve as a critical resource to ensure the survival of weaned animals.
